Abstract: An overview is given on the developments of using porphyrin-modified DNA for the construction of functional assemblies. Strategies for the synthesis and characterisation are presented alongside selected applications where the porphyrin modification has proven to be particularly useful, but also revealed its limitations. We also discuss implications on property and behaviour of the porphyrin-DNA, where similar issues could arise using other hydrophobic and bulky substituents on DNA.
Introduction
Supramolecular chemistry is defined as chemistry beyond the molecule where large chemical systems are made up of a discrete number of self-assembled molecular subunits. The forces involved in holding the molecular units together are usually the weaker non-covalent interactions such as hydrogen bonding or π-π interactions. In this respect, DNA has shown to be an exciting construction material, owing to its distinct properties. [1] The basic principle of working with DNA is simple: the molecule forms a well-understood double helix through complementary base pairing of two antiparallel strands, where the recognition is based on the Watson-Crick (WC) base pairing of A−T and G−C. [2] Ye t there is far more to DNA than just this concept. DNA can act both as rigid stick (duplex) with a persistence length of about 40-50 nm, and flexible glue (single strand), giving access to a Lego-like building block system to create architectures with nanometre precision (Fig. 1) . By taking DNA out of its biological context, new systems have emerged which are starting to play a major role in materials science, electronics, diagnostics, medicinal chemistry and more. Of particular interest is the emerging concept of DNA origami, [6] where a long template strand (usually derived from a modified plasmid of several kilo base length as ssDNA) is stitched together with short staple strands (15-16 nt in length) to form designed structures in the two-and three-dimensional space. Fig. 1 . a) DNA as stick-and-glue molecules, indicating rigid rod and flexible recognition parts; b) basic principle to build DNA architectures by selective recognition of complementary strands; c) examples of DNA nano-structures, including catenane, [3] cube, [4] and seminal DNA origami constructs. [5] porphyrin (Fig. 3b) . [13] Since the porphyrin itself is achiral and produces no CD signal, its attachment to DNA invokes transfer of the chiral information of the DNA to the porphyrin. As porphyrins strongly absorb light at around 420 nm (denoted Soret or Bband), the induced CD signal in this region is optimal to detect structural changes as it is well outside the window of the DNA absorbance. In this way, monitoring a change in structure from B−DNA to Z−DNA with increasing salt concentration was successful. Those examples already demonstrate the versatility of porphyrins attached to DNA with variable functionality (i.e. enzyme mimic or optical marker). A very different approach to porphyrin-DNA was explored by Kool et al., [14] where the nucleobase was replaced by a porphyrin (Fig. 3c) .
First-generation Porphyrin-DNA Systems
The earliest examples of porphyrinappended DNA probably date back to the groups of Meunier [11] and Hélène [12] who attached a cationic manganese porphyrin or chlorin, respectively, to DNA, and created with it artificial nucleases (Fig. 3a) . Although this method was successful in synthesising the porphyrin oligonucleotide conjugates, it was limited in the fact that only one porphyrin modification could be added to the DNA at its end. However, a similar system developed by Berova et al. showed that the porphyrins at the end of the DNA can act as a chiroptical marker, which gives insight into structural aspects of the DNA and the environment of the Our understanding of the DNA structure and sequence specific duplex formation, and the availability of automated synthesis, [7] makes it a very attractive building block from which to create supramolecular structures with predictable and controllable 3D structure. The supramolecular aspects of DNA have thus greatly advanced in the past few decades, particularly with the inclusion of modified nucleotides. The introduction of modifications onto DNA can be achieved via several different methods at various positions (see Fig. 2 for a representative selection). Sites available for modification include: 3'-and 5'-terminal positions; 2'-and 4'-positions of the ribose ring; and finally, modifications to one of the four natural bases, A, C, G, and T. For the latter, usually T is the site of choice for modification due to the relatively cheap commercial availability of the 5-iodinated thymidine, or to be precise 5-iodo-deoxyuridine, and the ease of using Sonogashira coupling with this nucleoside to attach alkynes. [9] In addition, the nucleobase itself can be substituted with designer molecules (artificial nucleobases), or the entire nucleotide can be replaced with moieties that have two hydroxyl groups which can be used to fulfil the DNA synthesis chemistry (base surrogates). In the latter case, however, helical structures are only formed when the base surrogate is embedded in a DNA template.
Whilst a huge diversity of substituents are nowadays available for site-directed inclusion into DNA, we are focussing on the use of porphyrins attached to the periphery of the DNA, thus creating functional supramolecular systems with potential in electronics/photonics, but which are also applicable in sensing and DNA bio-nanotechnology. The following sections will review the synthetic and structural aspects of porphyrin-DNA, and give highlights of recent applications in the above-mentioned areas. When we started our project a little more than ten years ago, not much was known about how much we can do to DNA in terms of large modifications and still retaining its structural integrity, before the system begins to falter. Intriguing work by Famulok and coworkers showed that a fully modified DNA strand will even be recognised as a template in enzymatic based DNA synthesis using polymerase chain reaction (PCR), [10] though this included rather small modifiers. This question still remains open to a certain extent, but it has become clear that DNA is far more tolerant than one would expect in terms of number and property of the modifications, clearly leading the way to fascinating novel materials. Fig. 2 . a) Structure of the DNA with indication of site modification (red arrows), i.e. grooves, interior base stacking region, or end-of-helix modification; b) examples of modified nucleosides and base surrogates used to make functional DNA. [8] Fig. 3. a) First examples of porphyrinic modifications at the 5'-end of DNA; b) short linkers for efficient chiral transfer onto porphyrin which is used as chiroptical marker; c) a porphyrin embedded within the base stacking region of DNA. [11] [12] [13] [14] the creation of electronic wires. We also observed a distinct 'melting' behaviour of the ssDNA when multiple porphyrins are attached, and a strong residual helicity can be seen in the CD spectra, which strongly suggests that the large hydrophobic substituents tend to form helical chromophore stacks even in the single strand. It also poses the question on whether the duplex is actually required to form helical chromophore arrays, to which the answer is in principle No. However, this of course depends on the intended application of the system and needs to be answered on an individual basis.
The first generation of porphyrin-DNA revealed that attachment of porphyrins to one strand led to greatly destabilised duplexes when the dsDNA is formed with a natural complementary strand. The destabilisation is greater for 2 (∆T m = −7°C per porphyrin) compared to 1 (∆T m = −3.5°C per porphyrin), and is most likely due to local deviation from the ideal DNA structure. Nevertheless, up to eleven porphyrins were incorporated successfully in a row into DNA, which to our knowledge is still the largest number of modifications achieved with such a sterically demanding and hydrophobic substituent. This record number demonstrated for the first time that there is virtually no limitation in the chemical modification of single-stranded DNA, as long as the modifiers are compatible with the conditions of automated DNA synthesis.
The destabilisation of the DNA duplex when only one strand is modified led us to explore an alternative arrangement denoted zipper array, where the porphyrins are now attached to both complementary is that the building up of supramolecular DNA systems becomes programmable. This way, both 1 and 2 were successfully incorporated into longer oligonucleotides (ODNs), eventually leading to the desired multi-porphyrin arrays. [18] The purification of the porphyrin-DNA is not as straight forward as many other modified DNA systems due to the presence of the very hydrophobic substituent. Reversed phase high performance liquid chromatography (RP-HPLC) still remains the best strategy, and the use of methanol instead of acetonitrile combined with the use of the more hydrophobic hexafluoro-isopropanol−TEA buffer proved to be most suitable. The attachment of the porphyrin to the 5-position of thymidine leaves the hydrogen bonding pattern untouched allowing duplex formation, and the modifier is positioned towards the major groove of the dsDNA. Correct arrangement in the porphyrin-DNA was confirmed by spectroscopy and molecular modelling (Fig. 4a) ; the exact structure, however, has yet to be determined and may locally deviate substantially from the idealised duplex, which would be in line with the observed thermodynamic destabilisation of the dsDNA (see below). When a single porphyrin is incorporated into an ODN, its spectroscopic properties are generally unaffected with a single broad absorbance at 420 nm observable. However, once more porphyrins are incorporated in close proximity, a substantial broadening of the Soret band is observed, identical to the short tetramers described above. This effect is indicative of exciton coupling between the porphyrin moieties, thus the multi-porphyrin DNA exhibits the anticipated properties required towards The porphyrin here is actually positioned within the interior base-stacking region of the DNA, and an abasic site opposite to the porphyrin helps to maintain the integrity of the DNA.
In order to be able to introduce multiple porphyrins at well-defined sites in the DNA, we developed a synthetic route to modified deoxy-uridine using Sonogashira coupling between the commercially available 5-IdU and alkyne-porphyrins (Scheme 1), starting with tetraphenyl porphyrin (TPP) to give 1. [15] Both hydrophobic and watersoluble derivatives were made by changing the peripheral porphyrin substituents in TPP to carboxy-phenyl. The porphyrin needs to be in a metallated state, which most conveniently is produced by using zinc, in order to avoid copper metallation during the Sonogashira coupling. The zinc is lost during DNA synthesis due to the strongly acidic conditions in removal of the 5'−dimethoxy-trityl (DMT) protecting group and the porphyrins are finally obtained as free base in the oligos. This firstgeneration porphyrin-dU was successfully used to make short oligomers by applying standard phosphoramidite chemistry which forms the basis for automated DNA synthesis. [16] It should be noted that the corresponding phosphoramidites are highly susceptible to oxidation due to the presence of the porphyrin, which is an effective singlet oxygen generator in the presence of light. Thus initial column chromatography had to be performed under strict exclusion of light and oxygen, though we found that precipitation from a DCM-hexane mixture is equally efficient to produce pure material suitable for automated solid phase DNA synthesis. Short di-porphyrin tetranucleotides, including both 1 and the more hydrophobic but less sterically hindered diphenyl porphyrin (DPP) 2, were shown to exhibit strong electronic coupling in the ground state. Formation of a duplex was not evident with these tetra-nucleotides based on NMR studies, apart from when the peptide nucleic acid (PNA) analogue of DNA was used as a charge neutral complement. [17] It was further shown that UV-irradiation of porphyrins in tetranucleotidebisporphyrin arrays in organic solvents leads to selective bleaching of DPP but not of TPP. This was clear from absorbance and CD spectroscopy. The DPP could be stabilised by duplex formation with a complementary PNA-strand. Such behaviour is important to realise when the construction of photonic devices is anticipated.
Multiporphyrin Arrays
The advantage of using solid-phase synthesis to incorporate porphyrins (and indeed any other functionality) into DNA Scheme 1. General synthetic scheme to obtain porphyrin-dU for incorporation into DNA.
(molecular beacon, Fig. 5a ) for switching energy transfer states. [22] We created a programmable switch where the DNA is partially self-complementary with repeating AT TA-TAAT box sequences; an additional 13 base sequence allows for specific recognition of complementary strands including various repeats of the complementary AT TA-TAAT box, thus enabling controlled elongation or contraction of the stem region. The beacon was modified with a Zn-2H donor-acceptor system and compared to a FAM-TAMRA control. Fluorescence spectroscopy showed that the switchsequences all display a FRET efficiency close to 100%. No variation could be detected in the different conformations, nor upon changing the linker to the porphyrin. Based on the R 0 value of porphyrins (~30 Å), the calculations would predict FRET efficiencies of~43% at most. This indicates that the porphyrins are in close contact at a maximum distance of about 3-10 Å, which is consistent with the model derived from EPR measurements.The system is therefore disrupted by the hydrophobic interactions of the porphyrins which are stacked to give a very efficient energy transfer between the Zn-and 2H-porphyrin, and the addition of stabilising complementary strands has no effect on the actual length of the beacon. At this point we cannot rule out intermolecular interactions. In contrast, the FAM-TAM-RA system shows very much the expected system-dependent FRET, and a reversible five-state switch can be generated by sestranded DNA. This is consistent with intermolecular stacking of the porphyrins, and an overall centre-to-centre distance of 6.5-8.9 Å was determined, depending on number and structure of the porphyrins present, and a minimum of six porphyrins seem to interact. It should be noted that this does not lead to large aggregation and precipitation of the system, but rather discrete bundles are formed which remain soluble in water. The extent of the bundling is dependent on both DNA and salt concentration, and persists above 5 µM DNA concentration even in pure water but it is stronger in high salt concentration (>100 mM NaCl). Similar intermolecular porphyrin-DNA stacking has been reported, and it might be used in fact as a molecular glue, opening a new level of interactions upon which could be built.
Applications in Sensing, Switching and Nano-architectonics
The diverse properties of porphyrins can be used to create tailored functional molecules for specific applications. In this part, we describe three examples where porphyrins have shown to be superior to other modifications, but also describe the limitations due to the hydrophobic nature of the modifier (Fig. 5) . As outlined above, the porphyrin-array could be used to create reversible energy transfer systems, and we have explored this ability in hairpin DNA DNA strands. [19] The porphyrins are incorporated at alternating base position, giving an overall (T P -A) n repeat sequence rather than a (T P ) n sequence. Upon duplex formation, the porphyrins interlock, leading to the full formation of a porphyrin array, where we have introduced up to twelve porphyrins (Fig. 4b) . The stabilising effect is +0.5°C per porphyrin, which in itself does not seem much. Compared to the overall formation of a 12-porphyrin array, however, this accounts for a duplex stabilisation of an impressive >40°C in single strand vs zipper array. [20] Clearly when working with such modifiers, the zipper arrangement is beneficial for stabilisation and should be the way forward. Whether the rigid building block 1 or the more flexible building block 3 (obtained by standard peptide coupling of carboxy-porphyrin and propargylamine-dU) [19a] is used seems to have implications on the overall structure, and to a small extent also on the thermodynamic stability. Whilst homo-porphyrinic systems with either all-1 or all-3 seem to lead to pairwise stacking in both cases, the stabilisation in 3 is larger compared to 1. A mixed hetero-array including both 1 and 3 in a complementary manner seems to give a more evenly distributed array, but the overall stabilisation is in-between the two homo-arrays. The differences are small, however, and are within one degree for a 12-porphyrin array. In addition, this arrangement allows for selective metallation of one porphyrin sequence, and zinc, copper or cobalt were introduced post-synthetically. A mixed zinc-free base (Zn-2H) system shows efficient energy transfer in the annealed duplex state at low temperature, which is absent in the melted single strand system at high temperature. This is reversible through melting-annealing, and represents to our knowledge the first reversible photonic wire based on a DNA templated system.
It has now become evident that the hydrophobic nature of the porphyrin modification has far reaching consequences for the behaviour of the systems, which -in our view -should be taken into account when working with hydrophobic modifications in general (Fig. 4c) . From spectroscopic studies (fluorescence, CD, EPR) and XRD we conclude that the porphyrin-DNA interacts also intermolecularly. [19a,21] Initial SAXS studies showed the formation of cylindrical entities from the 12-porphyrin zipper array with dimensions of about 4 × 13 nm, which accounts for a two to four helical bundle. This was later corroborated by EPR spectroscopy using copper-metallated porphyrin-DNA. A strong coupling between the copper centres is observed (half-field signal at around 1600 Gauss), even in single-porphyrin modified DNA, and occurs both in the single-and double- Fig. 4 . a) Putative structure of the first generation eleven porphyrin DNA duplex; [18a] b) putative structure of a 12 porphyrin zipper array and energy transfer from zinc-3 (blue) to free base-1 (red); [19] c) SAXS (left) [19a] and EPR (right) [21] spectra confirming intermolecular interactions arising from bundling of the porphyrin-DNA.
lectively elongating the stem and programming the distance of the chromophores, which can be monitored using real time fluorescence spectroscopy. This clearly shows one of the limitations of the system: high FRET can be achieved, but if flexibility is aimed at then more stable systems need to be used to prevent intramolecular porphyrin stacking through rearrangement of the DNA.
Porphyrins are very useful electrochemical tags, and we made use of this property to investigate in electrochemical genosensors based on porphyrin-DNA. In our design, the porphyrin is located close to the electrode surface and shows strong current in the single-stranded state (Fig.  5b) . [23] We found that cobalt works best in this case allowing to work in the positive potential where detachment of the DNA from the electrode surface is minimised.
Upon duplex formation with a complementary sequence, the electrochemical signal is diminished greatly. Single nucleotide polymorphism (SNP) can also be detected as single mismatches induces far smaller signal reduction. This 'signal-off' mechanism is rather unusual and is explained by the higher negative charge density of the dsDNA, combined with embedding the porphyrin within the major groove of the DNA, which overall gives limited access of the porphyrin to the electrolyte. Based on the working conditions we estimate that we can measure as few as 1000 DNA molecules, and Avian Influenza Virus-based DNA sequences characteristic for H5N were detected at femtomolar levels from competing non-complementary sequences through hybridization of the labeled DNA. We are now working on improving the system for simultaneous detection of different DNA sequences within the same sample solution using different metals, [24] and also lowering the detection limit of the system ultimately aiming a single molecule detection (or as close as possible).
In terms of larger DNA structures, the use of porphyrins is still in its exploratory stage. While some nanostructures including porphyrins have been reported, the advantage of this modifier has only recently become evident. In one of our projects, we have explored the formation of DNA origami-based nano-pores which are able to mimic the properties of α-hemolysin (Fig.  5c) . [25] This membrane disrupting protein is being investigated as single-molecule DNA sequencing system due to its facile insertion in lipid bilayers, opening a 2 nm wide pore through which single-stranded DNA can be threaded. The individual nucleobases then lead to a selective reduction Fig. 5. a) A porphyrin-DNA switch consisting of a partially self-complementary stem-loop sequence (black) stabilised with a complementary strand (green), and FRET efficiencies demonstrating the collapse of the architecture (left), compared to the FAM -TAMRA switch with real-time fluorescence monitoring (right); [22] b) schematics of an electrochemical genosensor based on cobalt porphyrin with an efficient 'signal-off' detection of the target sequence; [23] c) DNA origami to create artificial nano-pores, showing the structure of α-hemolysin (left) and the porphyrin modified DNA origami insertion into lipid bilayers (not to scale). [25c] in ionic current through the pore by blockage, the extent of which is dependent on the nature of the nucleobase. We designed a tubular structure mimicking the stem part of α-hemolysin. The DNA nanopores consist of a bundle of six hexagonally arranged duplexes which are interconnected by cross-overs. The DNA pore itself does not insert into lipid bilayers due to its overall negative charge on the outer rim. Initially, we created a hydrophobic belt by inserting phosphorothioates at selected positions, which were then alkylated with iodoethane to add around 72 ethyl groups. This modification overcomes the otherwise inherent energetic mismatch to the hydrophobic environment of the membrane, and the DNA origami efficiently inserts into lipid bilayers and creating an ion channel. Replacement of the >70 alkyl groups by only two porphyrins shows that the pore also inserts efficiently into lipid bilayers, which was confirmed by fluorescence spectroscopy and single molecule current measurements. Clearly the hydrophobic character of the porphyrin outweighs the small molecule modification. Thus the porphyrin modified origami punctured the bilayer with nanoscale holes allowing a steady ionic current. The porphyrin actually provides a very convenient handle with dual property, namely a hydrophobic anchor to efficiently embed the negatively charged DNA, which simultaneously acts as a chromophore to monitor the insertion and distribution of the DNA origami in the artificial membrane. This system may prove superior in many applications where the formation of ion channels is desired.
Conclusions and Outlook
The use of porphyrins in DNA modification has shown to lead to a very versatile system which can be tailored to many different applications. The lipophilicity of the porphyrin can be used to modulate the properties by creating hydrophobic anchors, though intermolecular interactions should not be neglected particularly in aqueous environments. The optical and electrochemical properties clearly will allow for the creation of efficient wires, which we are further pursuing. Part of our research is now focussed on applications in the medicinal field, while also investigating the formation of electronic wires and light pipes, and the connection of porphyrins with other ongoing research in DNA templated synthesis, [26] DNA delivery [27] and diagnostics, [28] and materials chemistry. [29] We believe that there is much to come in the near future, where porphyrins will be combined with other modifiers [30] and assembled using a versatile supramolecular DNA templating approach.
